Genomic insights into Candidatus Amarolinea aalborgensis gen. nov., sp. nov., associated with settleability problems in wastewater treatment plants
Introduction
Wastewater treatment, using the conventional activated sludge process, relies on a complex consortium of bacteria to remove pollutants and facilitate separation of particles and water, prior to discharging the water into the environment [17] . The microbial communities are co-localized in activated sludge flocs, where filamentous bacteria provide structural support and facilitate separation of sludge and water through gravitational sedimentation. However, overgrowth of filamentous bacteria can lead to impaired settling (bulking) or foaming, which are serious operational problems and can reduce performance or increase the risk that biomass is washed out with the effluent [38] .
To control excessive growth of filamentous bacteria, a significant effort has been made to identify and characterize the causative species [38] . Historically, filamentous bacteria have been "identified" by their morphology [16, 18] , but this is now recognized as imprecise or unreliable [38] . Through the use of molecular techniques, it has been revealed that filamentous bacteria associated with foaming and bulking belong to several phyla, although, most are related to the phylum Chloroflexi, and that almost all are uncultured [6, 21, 23, 50, 51] . Filamentous Chloroflexi can account for more than 30% of the total biovolume in some treatment plants based on fluorescence in situ hybridization (FISH) analyses [7, 33, 34] and 16S rRNA amplicon sequencing [39] . Their high abundance also suggests that members of the Chloroflexi phylum are important in nutrient transformation in the activated sludge community, where they are believed to be involved in the hydrolysis of particulate and colloidal organic matter. In situ studies using microautoradiography and FISH have shown that most utilize carbohydrates, but not short-chain fatty acids [22, 23, 39] . However, many genera are still not well characterized, and their ecology is generally poorly understood.
The Chloroflexi phylum is highly diverse in wastewater treatment systems. A 10-year survey of 25 Danish full-scale wastewater treatment plants (WWTPs) with nutrient removal showed that more than 50 abundant OTUs (97% cutoff, >1% relative abundance in at least one sample) related to Chloroflexi could be identified. The most abundant phylotypes were associated with the classes Anaerolineae, Ardenticatenia, SJA-15, and Caldilineae [39] , where only one (Candidatus Defluviifilum [61] ) has been isolated, and one (Ca. Promineofilum breve, [30] ) has an annotated genome obtained from a metagenome. Several abundant and novel genera have been described based on their 16S rRNA gene sequences (Ca. Promineofilum, Ca. Defluviifilum, Ca. Villogracilis, Ca. Sarcinathrix, and Ca. Amarolinea), FISH probes have been designed for their study, and their basic in situ physiology described [23, 30, 39] . However, in situ studies alone are limited in the metabolic detail they can provide and are generally low throughput and labor intensive. Therefore, a https://doi.org/10.1016/j.syapm.2018.08.001 0723-2020/© 2018 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). prior knowledge and hypothesis are often required for a thorough and effective characterization of novel microorganisms. Furthermore, both metagenomic and gene expression studies of activated sludge are hampered by the lack of reference genomes for the abundant organisms [1] .
Of the abundant Chloroflexi, species related to Ca. Amarolinea has often been observed in high (>30%) and dynamic abundance [31, 39] and might be associated with bulking problems. Hence, the aim of this study was to apply genome-centric metagenomics to obtain a representative genome of Ca. Amarolinea, and thus the first genome of the class SJA-15 within the phylum Chloroflexi.
Materials and methods

Sampling and fixation
Activated sludge samples were collected from an aerated tank in Aalborg West full-scale, biological nutrient removal WWTP. Biomass was either stored at −80 • C for sequencing workflows or fixed with 4% paraformaldehyde (final concentration) for 3 h at 4 • C for FISH. Fixed samples were washed 3 times with sterile-filtered tap water and resuspended in 50% ethanol in 1 × PBS solution (v/v) and stored at −20 • C [37] .
DNA extraction
For Illumina sequencing DNA was extracted from activated sludge samples using the FastDNA TM SPIN Kit for Soil (MP Biomedicals, CA, USA) as described by the manufacturer, but with bead beating at 6 m s −1 using a Fast Prep FP120 (MP Biomedicals) for 4 × 40 s. The input material was 500 L activated sludge.
For Nanopore sequencing DNA was extracted from activated sludge using the DNeasy PowerSoil kit (QIAGEN) following the standard protocol, except for the exchange of vortexing for 10 times tube inversions and a sample input of 500 L activated sludge.
Community profiling using 16S rRNA gene amplicon sequencing
Profiling of the bacterial community was performed as recommended by Albertsen et al. [2] using the 16S rRNA gene regions V1-V3 with the primers 27F (AGAGTTTGATCCTGGCTCAG) [24] and 534R (ATTACCGCGGCTGCTGG) [36] . Amplification was carried out using 2 mU Platinum Taq DNA Polymerase High Fidelity, 1 × Platinum High fidelity buffer, 400 pM dNTP, 1.5 mM MgSO 4 , 5 M Illumina barcoded V1-V3 adaptor mix, and 10 ng template DNA. The thermocycler program was 95 • C for 2 min, 30 cycles of 95 • C for 20 s, 56 • C for 30 s, 72 • C for 60 s, and a final elongation at 72 • C for 5 min. PCR products were purified using Agencourt AMPure XP beads (Beckman Coulter, CA, USA) in a 5/4 ratio of sample/bead solution. Barcoded amplicons were paired-end sequenced on a MiSeq (Illumina, USA) with a MiSeq Reagent kit v3 (2 × 301 bp) and a 10% PhiX control library (Illumina, USA) spike-in. The reads were trimmed using trimmomatic v. 0.32 [8] and merged using FLASH v. 1.2.7 [28] . The reads were dereplicated, and potential PhiX contamination was identified using USEARCH v. 7.0.1090 [15] , which was also used to cluster reads into operational taxonomic units (OTUs) with the −cluster otus command using default settings. OTU abundances were estimated using USEARCH v. 7.0.1090 with the −usearch global command and −id 0.97. Taxonomy was assigned using the RDP classifier [54] , implemented in the parallel assign taxonomy rdp.py script in QIIME [11] , with the MiDAS database v. 1.23 [31] , which is a curated database based on the SILVA database, release 123 [44] . The resulting data were analyzed in the R environment v. 3.5.0 [45] using the ampvis2 package [5] .
Metagenome sequencing
Illumina workflow
Three samples were selected based on the community profile in order to enable differential coverage binning. DNA was fragmented using a M220 ultrasonicator (Covaris, UK) at 75 W peak incident power, 10% duty factor, 200 cycles per burst, and 40 s treatment time, as described by the manufacturer in order to yield a 550 bp product. Sequencing libraries were prepared using the NEBNext Ultra II DNA library prep kit for Illumina (New England BioLabs, UK), as described by the manufacturer. Three libraries were prepared with unique indexes using the NEBNext Multiplex Oligos for Illumina (New England BioLabs, UK). Sequencing libraries were validated with gel electrophoresis using Tapestation 2200 and High Sensitivity D1K screentapes (Agilent Technologies, CA, USA). The libraries were paired-end sequenced on a MiSeq (Illumina, USA) with a MiSeq Reagent kit v3 (2 × 301 bp) and a 10% PhiX control library (Illumina, USA) spike-in.
Nanopore workflow
Two libraries were prepared. One library was prepared according to the standard protocol for 1D Low input genomic DNA with PCR v. LIP 9021 v108 revL 11Nov2016 (Oxford Nanopore Technologies, UK) with 10 PCR cycles and a 15 min 50 s extension time for a 19 kbp target. DNA repair and fragmentation were omitted. The other library was prepared from two different samples with the standard protocol for 1D Genomic DNA by ligation v. GDE 9002 v108 revT 18Oct2016 (Oxford Nanopore Technologies, UK), where fragmentation was omitted, and DNA repair and endprep were performed in a single step, using 48 L sample (2.4 g), 3.5 L NEBNext FFPE DNA Repair Buffer (New England BioLabs, UK), 2 L NEBNext FFPE DNA Repair Mix (New England BioLabs, UK), 3.5 L NEBNext Ultra II End Prep Reaction Buffer (New England Bio-Labs, UK), and 3 L NEBNext Ultra II End Prep Enzyme Mix (New England BioLabs, UK) with 15 min incubation at room temperature, and 5 min at 65 • C. Sequencing libraries were validated with gel electrophoresis using Tapestation 2200 and Genomic DNA screentapes (Agilent Technologies, CA, USA). The libraries were sequenced on a MinION 106 flow cell v. 9.4 (Oxford Nanopore Technologies, UK) according to protocol and with live base-calling in MinKNOW v. 1.11.5.
Assembly and binning
Cutadapt v. 1.16 [29] was applied to trim the Illumina FASTQ data for quality (phred ≥ 20), length (≥150 bp), and removal of NEBNext adapters. Nanopore FASTQ data were filtered for length (≥4000 bp) using Filtlong v. 0.1.1 [55] , and adapters were removed with Porechop v. 0.2.3 [56] with the commands −min split read size 4000 and −check reads 1000. A de novo metagenome assembly was performed on one Illumina sample using metaSPAdes v. 3.11.1 with the kmer lengths 33, 55, 77, 99, and 127. Contigs with a coverage of <3 were removed along with contigs shorter than 1000 bp. The trimmed Illumina reads were mapped to the assembly using minimap2 v. 2-2.5 [25] with the commands '-ax sr' to specify short paired-end reads. Samtools v. 1.3.1 [26] was used to sort, merge, and estimate read depth of the resulting files. Coverage was calculated with the 'calc.coverage.in.bam.depth.pl' script. Automatic annotation was carried out using Prokka v. 1.12 with the −metagenome command. 16S rRNA gene sequences were found using BLASTn v. 2.2.28+ [10] with the options −max target seqs 5 −outfmt 6 −evalue 1e-10, extracted using the 'extract.long.hits.from.blast.pl' script with the command −m 500, and classified using the SINA Alignment service v. 1.2.11 [43] . The mmgenome workflow script 'data.generation.2.1.0.sh' was used to generate the files necessary for the binning process. Binning was performed by differential coverage binning in the R environment v. 3.4.4 [45] using the package 'mmgenome2' v. 2.0 (github.com/KasperSkytte/mmgenome2) [19] . Reassembly of extracted bins was performed with the Illumina sample used for de novo assembly and the trimmed Nanopore data as inputs to Unicycler v. 0.4.3 [57] , running SPAdes v.3.11.1 with the commands −no correct −min kmer frac 0.3 −kmer count 3 −no pilon. Unicycler dependencies were racon [52] , makeblastdb v. 2.2.28+, and tblastn v. 2.2.28+ [10] . The reassembled bin was further manually curated using mmgenome2 v. 2.0.
Annotation and statistics of reassembled bin
Statistics of the reassembled bin were obtained using QUAST v. 2.3 with default settings and CheckM lineage wf v. 1.0.11 with default settings. Annotation of the reassembled bin was performed using Prokka v. 1.12 with the −metagenome command. Prokka annotations were compared to the manually curated annotations of Ca. Promineofilum breve [30] by BLASTp [3] search with the options −evalue 0.1 and max target seqs 1. Unidentified genes were compared to the NCBI Non-redundant protein sequences database by standard protein BLAST (blastp) with default settings.
Phylogeny
Taxonomic classification was obtained for the 16S rRNA gene using blastn with the 16S rRNA sequence database [3] . Furthermore, genome classification was obtained using the protein phylogeny in the Genome Taxonomy Database [40] with the gtdbtk classify wf command. The resulting Newick tree was imported into ARB v. 6.0.6 [27] for visualization, and the section of interest exported for further formatting. Average nucleotide identities (ANIb) were computed in JSpecies v. 1.2.1 [46] using BLAST with default options. Average amino acid identities (AAI) were calculated using the AAI calculator in the enveomics toolbox [47] .
FISH
The FISH protocol was performed as described by Daims et al. [13] . The CFX64 (5 -TCT ACC TAA GCA GAC CGT TC-3 ) FISH probe was applied to target the genus Ca. Amarolinea using the optimal hybridization conditions [39] . EUBmix [4, 12] was applied to target all bacteria, and NON-EUB [53] was applied as a negative hybridization control. Microscopic analysis was performed using a white light laser confocal microscope (Leica TCS SP8 X).
Data availability
The raw sequencing data described in this study is available from the European Nucleotide Archive (ENA) under the accession number PRJEB27012. The RMarkdown file describing the exact manual binning of the genome is available at github along with specific data generation scripts (https://github.com/martinhjorth/Publications/ tree/Andersen2018).
Results and discussion
Selection of samples with high abundance of Ca. Amarolinea Full-scale WWTPs were screened to identify samples with a high abundance of Ca. Amarolinea for use in genome-centric metagenomics. The relative abundances were evaluated from two large 16S rRNA gene amplicon surveys [31, 39] and confirmed by FISH analyses for selected samples. The Ca. Amarolinea phylotype was observed in high abundance in several full-scale WWTPs with nutrient removal, while in most samples it was present in low abundance (663 samples with a mean relative read abundance of 0.32% and a maximum of 36.3%). In WWTPs with a high abundance of Ca. Amarolinea, bulking problems were often observed. In Aalborg West WWTP, a drastic increase in abundance of Ca. Amarolinea over a period of 1.5 years was correlated with strongly impaired settling properties. These results were confirmed by Nierychlo et al. (2018) through FISH analyses using probe CFX64 specific for Ca. Amarolinea, which were observed in up to of 15.8% of the total biovolume in Aalborg West WWTP [39] . In this study, the probe hybridized solely to filamentous bacteria with an Eikelboom 0092 morphotype, in agreement with previous in situ characterization of the Ca. Amarolinea [39] , and was confirmed to contribute to interfloc bridging that is characteristic of filamentous bulking episodes (Fig. 1) .
Genome recovery of the Ca. Amarolinea
Five samples from Aalborg West WWTP with the target organism in high abundance were used for genome-centric metagenomics. All sampled were taken from the aeration tank in the period 2013-2015 ( Fig. 2) . Three samples were sequenced using short-read Illumina technology to enable differential coverage binning from several metagenomes, while two samples were sequenced using long-read technology through the Oxford Nanopore Technologies MinION platform to enable scaffolding.
An initial Chloroflexi bin, comprising 467 scaffolds, was extracted from the Illumina based metagenome assembly using differential coverage binning (Fig. 3) . The extracted bin was re-assembled through Unicycler [57] using both Illumina and Nanopore data, which resulted in a high-quality draft genome [9] of 5.7 Mbp in 80 contigs, with a GC content of 62.0% ( Table 1 ). The completeness of the genome was estimated by CheckM [41] to be 95.5% with contamination of 1.1%. A single complete rRNA operon was present in the genome, and the 16S rRNA gene shared 99.8% similarity with the abundant OTU from the amplicon-surveys [31, 39] , confirming that the genome represented the abundant species in the full-scale plant.
Phylogeny
Based on its 16S rRNA gene, the Ca. Amarolinea sequences classify to the narrowly defined C10-SB1A class in the SILVA taxonomy, which is made up of only four sequences in the non-redundant (99% similarity cut-off) database base tree. The Ca. Amarolinea genus is defined in the MiDAS taxonomy (v. 2.1, as Ca. Amarilinum), which is a version of the SILVA taxonomy (v. 1.23) curated for activated sludge sequences [31] , and the class C10-SB1A is relegated to an order within the class SJA-15. The closest named relative is Caldilinea aerophila DSM 14535 (87% identity, NR 074397.1) and Caldilinea aerophila STL-6-O1 (86% identity, NR 040878.1) of the Caldilineae class. Caldilinea aerophila STL-6-O1 is described as thermophilic and most likely not a phylotype present in activated sludge [49] . In accordance with the 16S rRNA gene phylogenetic tree by Nierychlo et al. [39] , this places Ca. Amarolinea in a novel genus within a cluster of known activated sludge phylotypes ( Supplementary Fig. S1 ), which is distantly related to the genus Calidilinea.
The genome of Ca. Amarolinea enables further investigation of the phylogenetic and evolutionary relationships using the recently available Genome Taxonomic Database (GTDB), which seeks to provide standardized bacterial taxonomy inferred from a concatenated alignment of 120 single copy marker genes, normalizing ranks based on relative sequence divergence [40] . In the GTDB taxonomy, the SILVA/MiDAS classes Caldilineae, Ardenticatenia, and Thermoflexia are relegated to the orders Caldilineales, Ardenticatenales, and Thermoflexales, respectively. In this taxonomic scheme, the Ca. Amarolinea sp. genome is assigned to a long branch clustered with genomes of the order Caldilineales, likely representing a novel family (Fig. 4) . The MiDAS defined Anaerolineae, Caldilineae, Ardenticatenia, and SJA-15 represent the most abundant classes within the phylum in full-scale activated sludge WWTPs [39] . Thus, the Chloroflexi of these systems are dominated by members of the GTDB defined Anaerolineae. The ANIb and AAI values were compared for the phylotypes, which, according to Fig. 4 , were closely related to Ca. Amarolinea aalborgensis. Comparing the six most closely related genomes (accession numbers GCF 000281175.1, GCA 002148365.1, GCA 001871755.1, GCA 002366755.1, GCA 002415895.1, and GCA 900066015.1) to Ca. Amarolinea aalborgensis by ANIb yielded values in the range 65.0-67.6%, indicating that ANIb comparison was not feasible due to the divergence of the genomes [48] . Instead, a two-way AAI comparison was used and resulted in a range of 47.0-50.9% AAI, with a MAG from ground water (accession no. GCA 001871755.1) being the most similar (based on alignments of 1646 proteins). These values are below the 60% AAI genus boundary suggested by Rodriguez-R and Konstantinidis [48] , supporting the novelty of the draft genome.
Metabolism
Annotation of the Ca. Amarolinea genome indicated the potential for aerobic respiration based on the location of a putative cytochrome c oxidase ( Supplementary Table S1 ), respiratory complexes, and genes for a complete TCA cycle (Fig. 5 ). The Ca. Amarolinea phylotype may perform dissimilatory nitrate reduction to ammonia (DNRA) as genes encoding both dissimilatory nitrate and nitrite reductases (nasB/C and nrfA respectively) were identified. A nitrous oxide reductase (nosZ) was annotated in the genome, but no nitrite reductase (nirK) or nitric oxide reductase were found, noting that both nitrite and nitric oxide may be reduced to ammonia through the action of the annotated nitrite reductase (nrfA) [42] . The same complement of genes involved in nitrogen metabolism were also located in the Ca. Promineofilum breve genome [30] . Genes coding for a glucose/mannose:H+ symporter and the complete glycolysis/gluconeogenesis pathway were found, although the gene coding for glucose-6-phosphate isomerase was not identified in the bin. Genes coding for a complete pathway for synthesis and degradation of glycogen were also identified. The Ca. Amarolinea genome contains the genes required for fermentation of carbohydrates, which confirms previous in situ studies for the genus and members of the phylum abundant in WWTPs [23, 30, 39] . The phenotype of the Ca. Amarolinea is also consistent with other members of the class Anaerolineae (GTDB defined), with all currently characterized members possessing a chemoheterotrophic metabolism, and most being able to grow anaerobically by the fermentation of carbohydrates and proteinaceous material [14, 20, 49, 58, 59] . The pathways described are visualized in a metabolic model ( Fig. 5) , with the curated gene annotations and the associated locus tags available in Supplementary Table S1 . BLASTp results of the annotations are available in Supplementary Table  S2 .
In wastewater treatment plants configured for nutrient removal, where carbon is predominantly available under anaerobic conditions, Ca. Amarolinea and the other abundant Chloroflexi are likely to exhibit a fermentative lifestyle, utilizing carbohydrates. Under aerobic conditions, they may respire residual carbon or anaerobically stored glycogen ( Supplementary Table S3 ). As such, their excessive overgrowth, as well as causing bulking problems, may be detrimental to the enhanced biological phosphate removal (EBPR) activated sludge systems through competition with the key polyphosphate-accumulating organisms (PAO). They would compete directly with the Tetrasphaera PAO for simple carbohydrates, and any carbon stored as glycogen anaerobically, and not fermented to volatile fatty acids, would not be available for the Ca. Accumulibacter PAO [32] .
Taxonomic proposals for Candidatus Amarolinea aalborgensis
As no pure cultures are available, based on the recommendations by Murray and Stackebrandt [35] , we propose the name Candidatus Amarolinea aalborgensis for the species. The formal proposal of the new species and genus Candidatus Amarolinea aalborgensis gen. nov., sp. nov. is given in Table 2 with the Taxonumber CA00038. Based on the phylogenetic position of the novel genus, we propose a new family in the Caldilineales order, the Amarolineaceae fam. nov., currently containing the type genus Ca. Amarolinea gen. nov. as the only genus. This genus is represented by the single type species Ca. Amarolinea aalborgensis gen. nov., sp. nov. Supplementary Table  S1 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Amarolineaceae (A.ma.ro.li'ne.a'ce.ae. Gr. fem. n. Amarolinea type genus of the family; -aceae ending to denote a family; N.L. fem. n. Amarolineaceae family of the genus Amarolinea).
The description is as for the genus Amarolinea. The type and only genus is Amarolinea.
